Abstract: Marine dinoflagellates synthesize ultraviolet absorbing compounds, such as mycosporine-like amino acids (MAAs), at high ultraviolet radiation (UVR) to protect from UVR damage. Short-term responses (360 min) of MAAs and absorption of UVR between 310 nm to 360 nm (a ) to UVR were examined in the dinoflagellate Prorocentrum micans to confirm reproducibility even at relatively low doses of UVR (UVB: 0.76 W m −2 in 320-340 nm) and (UVA: 0.84 W m −2 in 340-400 nm). By using a low dose of UVR there was no apparent bleaching of cells and it was possible to normalize MAA concentration with chlorophyll a concentration (Chl a). At the beginning of the exposure experiment, MAAs primarily consisted of shinorine (58.5%), palythine (30.2%), mycosporine-glycine (7.0%), palythene (2.6%), and porphyra-334 (1.7%). Net change in the Chl a specific MAA concentration (δMAAs) was estimated as the difference in Chl a specific MAA concentrations between the experiments with photosynthetically active radiation (PAR in 400-700 nm) and PAR+UVR (320-700 nm). The responses to either PAR or PAR+UVR were composed of two phases: the first was shorter than approximately 90 min, and the second included the subsequent phases. The initial temporal change during the first phase in δMAAs ( ). Although the temporal increase in δMAAs was limited, a possible main route of MAA transformation had mycosporine-glycine and porphyra-334 as the primary precursors of a sequential series of conversions, by which the cells accumulated shinorine and palythene, possibly at the expense of palythine. The increased MAAs enhanced a . The cells appear to achieve MAA transformation with an increase in total MAAs to protect from UVR damage.
Introduction
Certain species of microalgae developed ultraviolet radiation (UVR)-screening compounds in earlier geological times to protect themselves from UVR damage (Rozema et al. 2002) . Mycosporine-like amino acids (MAAs) are UVR-absorbing compounds that contain either an aminocylcohexenone or aminocylcohexaenimine unit (Grant et al. 1985) . Mycosporine-glycine belongs to the former, with a maximum absorbance in ultraviolet radiation B (UVB), whereas other more common compounds, including shinorine, porphyra-334, and palythine, belong to the latter and absorb maximally at ultraviolet radiation A (UVA) wavelengths. In phytoplankton, MAAs are inducible by photosynthetically active radiation (PAR) (Carreto et al. 1989 , Callone et al. 2006 and UVR (Neale et al. 1998 , Shick 2004 as effective sunscreens (Garcia-Pichel 1994) . MAA induction reveals that there is wavelength dependence (Hannach & Sigleo 1998 ) and a dose response (Riegger & Robinson 1997) . Synthesis of MAAs is thought to occur via the shikimate pathway (Shick & Dunlap 2002) . The composition of MAAs is altered with the spectral irradiance composition . MAAs increase differentially after a UVR stimulus is applied (Shick et al. 1999 ). The present study aimed to examine the biosynthetic interrelationships and the regulation of MAA processes in a marine dinoflagellate, including quantitative responses regarding MAAs and absorption between 310 and 360 nm (a ) to UVR.
Diel variability in the induction of MAAs has been demonstrated in the dinoflagellate Scrippsiella sweeneyae Balech & Loeblich (Taira et al. 2004b) . Total MAAs increased immediately after the dark period to reach a maximum mid-way through the light period, and then, the total MAAs decreased to a minimum 2 h after the beginning of the dark period. Synthesis of MAAs occurred within hours after exposure to UVR in the dinoflagellate Alexandrium excavatum Cushman (Carreto et al. 1990) and Prorocentrum micans Ehrenberg (Marcoval et al. 2007 ). UVR-acclimated dinoflagellates tend to accumulate MAA compounds such as mycosporine-glycine, shinorine, and porphyra-334, as shown for Gymnodinium sanguineum Hirasaka (Neale et al. 1998) , Prorocentrum micans (Carreto et al. 1989 , Lesser 1996 and Scrippsiella sweeneyae (Taira et al. 2004b ). Taira et al. (2004a) demonstrated that for the UVR-acclimated dinoflagellate Scrippsiella sweeneyae, porphyra-334 was first synthesized during the first 4 h, followed by shinorine, and mycosporine-glycine in the first half of the light period, whereas palythine decreased in the same period. The primary MAAs, such as mycosporineglycine and shinorine were synthesized first and the others followed, as suggested in the proposed pathways of MAA synthesis in cells based on 8 h of UVR exposure in the middle of the 12 light phase of the 12 : 12 light : dark photoperiod after 28 d (Shick 2004) , suggesting a precursorproduct relationship. However, Scrippsiella sweeneyae was the only species for which multi-species of MAAs were determined simultaneously every 3 h during a 3-day exposure to UVR under day-night cycles. Taira et al. (2004b) suggested that short exposure experiments (6 h) were useful for understanding the precursor-product relationship. Most previous studies were conducted under a relatively high dose of UVR to obtain distinctive effects of UVR on MAAs in microalgae (e.g., Neale et al. 1998 used to produce a low dose of UVR under PAR+UVR conditions. The amount of MAAs was compared with the absorption of UVR integrated from 310 nm to 360 nm (a ). The range of wavelengths corresponded to the absorption maximum of mycosporine-glycine (310 nm), palythine (320 nm), shinorine (334 nm), porphyra-334 (334 nm), and palythine (360 nm). The comparisons were used to examine the biosynthetic interrelationships and the regulation of these processes, including the quantitative response of MAAs and a to a low dose of UVR.
Materials and Methods

Culture conditions
The strains of Prorocentrum micans (NIES-218) were obtained from the Microbial Culture Collection at the National Institute for Environmental Studies, Japan (http:// mcc.nies.go.jp). The cells in quartz bottles with UVR guard film were grown under 450 µmol quanta m −2 sec −1
provided by cool fluorescence lamps (FLR40S, Toshiba, Japan) on a 12 h light, 12 h dark cycle at 25°C and a salinity of 35. Modified f/2 medium was prepared without silicate using aged-filtered seawater collected from Manazuru Bay, Japan (Guillard & Ryther 1962 of UVB in quartz bottles with two types of UVR cutting films. UVR and PAR were measured by a UVR spectral radiometer and PAR sensor (PUV510, Biospherical Instruments, USA). Cells were harvested at 0, 30, 60, 90, 120, 180, 240 , and 360 min. Triplicate subsamples from three quartz bottles with UVR Guard (PAR condition) and with acetate film (PAR+UVR condition) were collected for the analysis of cell numbers, photosynthetic pigments, MAAs, and absorption of UVR.
Cell density
Cell density was determined under a light microscope (IMT-2, Olympus, Japan) using a hematocytometer (Erma, Japan). The growth rate of the cells (μ d ) was calculated by the following equation (Guillard 1973) :
where N t and N t+1 are the cell numbers at time t and t+1, respectively.
Biochemical analyses
Cell suspensions for the analysis of MAAs were filtered onto 25-mm glass fiber filters (GF/F, Whatman, UK) and extracted in 2.0 mL of 20% (v/v) methanol (High Perfor-mance Liquid Chromatograph [HPLC] grade, Waco, Japan). Subsamples were sonicated for 2 min in an ice bath and extracted for at least 24 h at 37°C in the dark. The methanol extracts were centrifuged at 10,000 rpm for 5 min. The supernatant (1 mL) was evaporated and redistributed in 1 mL of 100% methanol. The extracts were evaporated to complete dryness at 45°C. The residues were re-dissolved in 100-400 µL of distilled water (Milli-Q Gradient-A10, Millipore, UK), and filtered through 0.2-µm membrane filters (SLLG H04 NK, Millipore, UK) for HPLC analysis. The samples (20 µL) were analyzed on an HPLC (Gold System, Beckman Coulter, USA) with cell packages (CAPCELL PAK C18 UG 120 5 µm, Shiseido, Japan), guard column (SG120, Shiseido, Japan), and a detector (168 diode array detector, Beckman Coulter, USA). The MAA contents were determined using a solvent gradient system, first with solvent A (80% distilled water and 20% [v/v] (Taira et al. 2004a ). The peak areas were quantified using standards provided by Taira et al. (2004a) . The MAAs were determined by the absorbance at 310 nm and 334 nm. The total MAA concentrations were calculated by summing concentrations of the five individual MAAs, including mycosporine-glycine, shinorine, palythene, porpyra-334, and palythine. The concentration of MAAs was normalized to the Chl a concentration. The difference in the MAAs per unit Chl a between PAR+UVR and PAR (δ MAAs) was calculated to determine the response of MAAs to UVR.
Photosynthetic pigments were analyzed using the methods described by Head & Horne (1993) . Cell suspensions for the analysis of photosynthetic pigments were filtered onto 25-mm glass fiber filters (GF/F, Whatman, UK) and stored in the dark condition at −78°C until analysis. Subsamples were extracted in 2.0 mL of 90% acetone (HPLC grade, Waco, Japan). Subsamples were then sonicated for 2 min in an ice bath and extracted at −4°C for 24 h in the dark condition. The acetone extracts were centrifuged at 2,500 rpm for 5 min and the supernatant were filtered through 2.0-µm membrane filters (SLLG H04 NK, Millipore, UK). The extracts were analyzed by HPLC (Gold System, Beckman Coulter, USA) with a C18 reversedphase ultrasphere 3-mm column (Beckman Coulter, USA) and 168 Diode Array Detector. Photosynthetic pigments were determined using a solvent gradient system, with solvent A (80% [v/v] Cell suspensions for the analysis of the cellular carbon and nitrogen were filtered onto 25-mm glass fiber filters (GF/F, Whatman, UK), which were pre-combusted at 500°C for 2 h, and stored in the dark condition at −78°C until analysis. The cellular carbon and nitrogen contents were determined on a CHN elemental analyzer (EA1108 CHNS/O, Fisons, UK) by using acetanilide as the standard (Nagao et al. 2001 ).
Optical measurements
Cell suspensions for the analysis of absorption spectra were collected onto 25-mm glass fiber filters (GF/F, Whatman, UK). The optical density spectra of the filtered particulates (OD f[λ] ) were recorded by a spectrophotometer (UV-2450, Shimazu, Japan) following quantitative filter technique methods (Mitchell & Kiefer 1988) and corrected for scattering by subtracting the OD f(λ) with an average optical density between 730 nm and 760 nm ) from the entire spectrum (Babin & Stramski 2002) . For the conversion of the optical density obtained from the total particles on the filter to particles in suspension (OD s[λ] ), the following equation was used (Cleveland & Weidemann 1993) :
The absorption coefficients of the filtered particulates (a f [λ] ) were calculated by the following equation:
where 2.303 is the conversion factor for log e to log 10 and X is the ratio of the filtered volume to the filtered clearance area of the filter. Following the measurement of OD f(λ) , filters were immersed in 100% methanol for overnight pigment extraction according to the method of Kishino et al. (1985) to subtract a d(λ) caused by any non-cell materials from the values of a f(λ) to obtain cell absorption (a [λ] ). The absorption of UVR (m −1
) was integrated for the wavelengths (m) between 310 nm and 360 nm. Cellular UVR absorption between 310 and 360 nm (a 
) was calculated by dividing by cell density.
Statistical analysis
The mean and standard error were calculated based on triplicate subsamples. Significant differences between light treatments were analyzed using a paired t-test and Wilcoxon signed-rank test for paired comparisons using the Sigma-Plot software program (System Software, version 11.0, San Jose, USA).
Results
Growth rate and cellular Chl a, carbon, and nitrogen contents
The growth rate and cell density were 0.15 d −1 and 4,490±186 cells mL
, respectively, when the short-term exposure experiments were conducted. The cell density stayed at a level similar to the initial density and was opti- , respectively, reflecting the C/N ratios of 6.20±0.11 (weight), indicating physiologically active cells and the carbon/Chl a ratio of 214 (weight) was also indicative of active cells. The total concentrations of light-harvesting (Chl a+Chl c+Perid) and photo-protective pigments (DD+DT+Car) were 130±5.6 fmol cell −1 under PAR conditions and 139±7.3 fmol cell −1 under PAR+UVR conditions, indicating a non-significant difference between the two light conditions. The relative abundance of light-harvesting pigments was 83.2±1.1% under PAR and 82.6±1.1% under PAR+UVR conditions, whereas that of the photo-protective pigments was 16.9±1.1% under PAR and 17.4±1.1% under PAR+UVR conditions. The percentages were not significantly different between PAR and PAR+UVR conditions, indicating that there was no influence of UVR on the pigment characteristics, as expected from the PAR+UVR treatment in previous studies (Carreto et al. 2002) . The total pigment concentrations were not related to the ratios of the concentrations of MAAs to Chl a in the present study.
Total MAAs
The total cellular MAA concentrations were approximately 67±0.9 fmol cell −1 at the beginning of the exposure experiment (Fig. 1A) . Temporal changes in the total concentrations indicated the existence of two phases: initial changes and subsequent saturation. In the first phase (0-approximately 240 min) under PAR conditions, the cellular concentration increased gradually with a specific velocity (k) of approximately 0.22 min , reaching values of 123±2.3 fmol cell −1 at approximately 240 min after the start of exposure. The specific velocity was approximately 4.2 times higher than that under PAR conditions. In ), lower than the initial value under PAR conditions ( Fig. 2A) . The δMAAs under PAR+UVR conditions increased up to 240 min and stayed at 9.0±0.6 10 −6 mol MAAs (mol Chl a)
. It then decreased (k=-0.20 min −1 ) but was still larger than that at 0 min. The δMAAs were statistically different between PAR and PAR+UVR conditions (p<0.05).
The δMAAs increased with a specific velocity of approximately 0.031 nmol MAAs [mol Chl a] −1 min −1 up to 90 min after the start of exposure (Fig. 3A) . After 90 min of exposure, δMAAs saturated at 2.3 10 −6 mol (mol Chl a)
. The temporal evolution of δMAAs was successfully described by a hyperbolic curve, with r 2 =0.93 at p<0.001.
This finding indicated the existence of unknown factors that limited and/or controlled the net synthesis of MAAs due to the PAR+UVR conditions in comparison to the PAR conditions.
Individual MAAs
MAAs were mainly composed of five individual MAAs, shinorine (58.5%), palythine (30.2%), mycosporine-glycine (7.0%), palythene (2.6%), and porphyra-334 (1.7%) at the beginning of the exposure experiments (Fig. 4) . The temporal evolution of concentrations of individual MAAs indicated various patterns of variation under PAR conditions (Figs. 1B-1F ). The temporal evolution of mycosporine-glycine indicated the existence of two phases (Fig.  1B) . In the first phase (0 to 240 min), the cellular content increased gradually with a specific velocity (k) of approximately 0.031 min ), a similar absolute rate to that in the first phase.
The temporal evolution of shinorine concentrations showed a similar pattern to that of total MAAs (Fig. 1C) . In the first phase (0 to 180 min) under the PAR conditions, the cellular contents increased gradually with a specific velocity of (k) of approximately 0.19 min
, reaching values of 60±4.5 fmol cell −1 at 180 min after the start of exposure. In the second phase (180-360 min), the cellular content decreased at k=−0.18 min −1 which was a similar absolute rate to that in the first phase. Palythene indicated the most complex variation in concentrations of the studied MAAs under the PAR conditions (Fig. 1D) . Initially the cellular content fluctuated between 2.6 fmol cell ), which was approximately 25% of the initial value. The cellular contents of porphyra-334 and palythine ) of all the five MAAs determined in the present study. The specific velocity was approximately one seventh of that in the first phase. In the first phase (0-240 min) for palythine, the cellular content fluctuated between 22 fmol cell −1 and 18 fmol cell −1 under the PAR conditions. In the second phase (240-360 min), the cellular contents decreased rapidly with a specific velocity (k) of −0.073 min −1 to approximately 11±0.9 fmol cell −1
, which was approximately 53% of the initial values.
The temporal evolution of the concentrations of individual MAAs also indicated various patterns of variation under PAR+UVR conditions (Figs. 1B-1E ). The timing for the occurrence of the respective peaks was in the following order: porphyra-334, mycosporine-glycine, shinorine, and palythene. In the first phase, the cellular contents of mycosporine-glycine, shinorine, palythene, and porphyra-334 increased by more than double (Figs. 1B-1E ), whereas palythine decreased gradually with a specific velocity (k=−0.080 min −1 ) (Fig. 1F) . The specific velocities (k) were 0.31 min ) did not differ between the PAR and PAR+UVR conditions (t test, p>0.05); therefore, the cellular MAA contents were expressed in relation to the cellular contents of Chl a as mol MAAs (mol Chl a)
. Under the PAR conditions, mycosporine-glycine and shinorine increased according to a hyperbolic function until 240 min after the start of exposure and then decreased gradually (Figs. 2B & 2C) , whereas palythene, porphyra-334, and palythine tended to decrease with time (Figs. 2D-2F ). Under the PAR+UVR conditions, mycosporine-glycine and shinorine increased up to approximately 240 min after the start of exposure to 1. gradually until 360 min after the start of exposure under PAR radiation. Porphyra-334 exhibited a different pattern from the other MAAs under the PAR+UVR conditions. A sudden, short increase of porphyra-334 concentrations was observed in the initial 30 min and then they decreased gradually in a similar manner to that observed under the PAR conditions until 360 min after the start of exposure (Fig. 2E) . The cellular MAA contents per unit of Chl a were statistically different between the PAR and PAR+UVR conditions (p<0.05).
The net change in δMAA concentrations were grouped into three patterns (Figs. 3B-3F ). The first pattern was described by a hyperbolic curve as was also observed for total MAAs (Fig. 2A) . δshinorine and δpalythene also follow this pattern, which was indicated by the initial increase up to 90 min after the start of exposure. δshinorine concentrations then tended to stabilize but δpalythene concentrations fluctuated up to 360 min after the start of PAR+UVR exposure (Figs. 3C & 3D) , although variability of individual values was so large that one must be cautious fitting them to a hyperbolic curve (p>0.05). The second pattern was that of an immediate increase and a gradual decay curve. δmycosporine-glycine and δporphyra-334 might follow this pattern, which was indicated by the immediate increase up to 60 min after the start of exposure and then the gradual decrease to less than 20% of the maximum values after 360 min (Figs. 3B & 3E) . The third pattern was that of an immediate decrease and subsequent gradual increase in concentrations. δpalythine might follow to this pattern, which was indicated by the immediate decrease with a specific velocity (k) of −0.012 min −1 up to 60 min after the start of exposure and then a gradual increase to a similar value at 0 min ( Fig. 3F) . At the end of the exposure experiments, shinorine became predominant (approximately 80%), whereas palythine decreased to 0.4% (Fig. 4) . ) (Fig. 5) .
Absorption of UVR by MAAs
The temporal variations of cellular UVR absorption integrated between 310 and 360 nm (a 
) also indicated the existence of two phases (Fig. 6) . In the first phase (0-120 min), the UVR absorption under the PAR conditions increased from 0.14 to 0.21 (m −1 m cell
). The UVR absorption under the PAR+UVR condition increased from 0.14 to 0.25 (m −1 m cell
). In the second phase (120-360 min), the cellular UVR absorption decreased gradually under both the PAR and PAR+UVR conditions. Under the PAR+UVR conditions the absorption values were approximately 1.35±0.26 times larger than those under the PAR conditions, indicating a statistical difference between the PAR and PAR+UVR conditions (p<0.05). The increase was induced by the enhancement of the total MAA concentrations caused by UVR (Fig. 2A) . The UVR absorption increased with the increase in the concentrations of total cellular MAAs (Fig. 7) . A positive, significant relationship was obtained between the total cellular MAA contents and UVR absorption for each of the PAR and PAR+UVR conditions (p<0.05). Although the slope of the regression lines were significantly different (p<0.05), the increased MAA concentrations clearly led to an increase in UVR absorption.
Discussion
Chl a-specific MAA concentration
The Chl a-specific MAAs concentration (δMAAs) in Alexandrium catenella (Whedon & Kofoid) Balech increased with the intensity of PAR irradiance, with a hyperbolic function describing this behavior and with saturation levels reached at approximately 400 µmol quanta m −2 sec −1 (Carreto et al. 2002) . Although our saturation PAR levels (450 µmol quanta m −2 sec −1
) were similar to those in Carreto et al. (2002) , the saturation levels of the cellular contents of MAAs (120 fmol cell . Because the synthesis of MAAs in cells is dependent on cell size (Taira et al. 2004b) , the synthesis of MAAs should be standardized to study the efficiency of MAAs synthesis by biomass, such as with respect to Chl a (Carreto & Carignan 2011) as long as these indicators do not change according to light treatments. The similarities in the Chl a concentrations obtained in both exposure experiments suggested that photosynthetic pigments, such as Chl a, were not bleached at the UVR dose employed in the present study. Our results were compared with those of others, and they indicated that the cell contents of δMAAs were similar to those reported by Carreto & Carignan (2011) .
Response of MAA synthesis to UVR
The response kinetics of Prorocentrum micans to PAR and PAR+UVR were confirmed, and were similar to those reported for other groups of dinoflagellates (Carreto et al. 1990 , Taira et al. 2004a , Callone et al. 2006 . Under the PAR conditions, two patterns of the responses in the cellular contents of individual MAAs with and without delayed initial responses were characterized in this organism. Shinorine and mycosporine-glycine were the most abundant MAAs and their response determined the overall MAA pattern, which was also observed in another study (Callone et al. 2006) . Under PAR+UVR conditions, the response time seems to vary among dinoflagellates (Callone et al. 2006, present study) . The initial response time and specific velocity were variable, such as longer than 120 min after the start of exposure and rapid in shinorine (Fig. 3C ) and shorter than 30 min after the start of exposure and slow in porphyra-334 (Fig. 3E) . Although the direction of the temporal evolution of palythine cellular content was opposite to that of the other MAAs, the total concentrations of MAAs vs time indicated two phases, as observed in Alexandrium catenella (Whedon & Kofoid) Balech (Carreto et al. 2002) . The initial response of δpalythine was different from the other δMAAs (Fig.  5) , indicating that palythine might not be synthesized under the present low levels of 0.842 W m −2 UVA, although palythine in coral colonies of Stylophora pistilata Esper, 1797 increased at high levels of 20.5 W m −2 UVA (Shick 2004 ). The spectral composition could be different between the two studies because the cells are symbiotic in corals rather than free-living (Shick et al. 1999) . Highly UVB-stressed cells favored the accumulation of secondary MAAs such as shinorine methyl ester and palythine (Laurion & Roy 2009). However, once MAAs are accumulated, they have a long residence time (Adams & Shick 1996 , Newman et al. 2000 , Portwich & Garcia-Pichel 2003 , and are photochemically stable (Conde et al. 2000 , Shick et al. 2000 , therefore the low dose of UVA could be responsible for the different responses in palythine in the present study. Although Carreto et al. (1989) indicated that an increase in UVR irradiance resulted in increased synthesis of MAAs, the opposite response with palythine reported between free-living cells and symbiotic cells (Shick et al. 1999) remains to be re-examined. Regardless of the difference in the initial responses among MAAs, the secondary responses were similar among the five determined MAAs, indicating decreases with time in their respective cellular contents. This could be reflected by the diel variability observed in the 3 d light and dark cycle exposure experiments (Taira et al. 2004b ). Synthesis of porphyra-334 followed shinorine and mycosporine-glycine in the first half of the light period, whereas palythine decreased in the same period.
Possible role of MAAs in absorption of UVR
MAAs are secondary metabolites with a photo-protective functional role. Mycosporine-glycine was the least N-rich among all of the MAAs found in these dinoflagellates, offering protection in the most harmful part of the UVR spectrum, and had an absorption peak at 310 nm. A high percentage of mycosporine-glycine has been observed in N-starved cells of dinoflagellates (Litchman et al. 2002) . Under N-limitation, energy and intra-cellular pools of nitrogen might be allocated to the maintenance of basic, essential cellular functions. Consequently, the activation of energetically costly and nitrogen-demanding metabolic pathways, such as MAA synthesis, would not be favored. However, MAA synthesis could vary among individual MAA compounds, because each compound has a specific UVR absorption peak. MAAs with peak absorption at shorter wavelengths could be favored under N limited conditions. Ample nitrogen supply resulted in some MAA synthesis in dinoflagellates (Litchman et al. 2002) . The enhancement of MAA synthesis due to UVR exposure resulted in an increase in the absorption of UVR in the present study. MAA extracts from dinoflagellates, such as Scrippsiella sweeneyae Baleche Loeblich, also absorbed UVR between 310 and 360 nm (Taira et al. 2000b ). Increased cellular contents of MAAs thus protect cells from UVR damage. Increased photo-protection against UVR reduces photo-damage to maintain photosynthetic activity in photosystem II.
Conclusions
The present study suggested that the enhanced induction of MAA synthesis in Prorocentrum micans under PAR+UVR conditions could be described as a two-phase process. In the first process, net synthesis of MAAs occurred. The transformation of these MAAs into other secondary MAAs occurred in the second process. Once the presumed enzymatic system activated, the interconversion process persisted, although the net synthesis of MAAs was limited. In this organism, the main route of MAA transformation was for porphyra-334 and mycosporine-glycine as the primary precursors of a sequential series of conversions, by means of which the cells accumulated shinorine and palythene, possibly at the expense of palythine, based on the timing for the occurrence of the peaks. The transformation did not influence the absorption of UVR by total MAAs in Prorocentrum micans under low levels of UVR. This study provided experimental evidence on the protective roles of MAAs in the absorption of UVR between 310 nm and 360 nm for Prorocentrum micans, even at low doses of UVR without bleaching of light-harvesting pigments.
